We have used recombinant wild-type human von Willebrand factor (VWF) and deletion mutants lacking the A1 and A3 domains, as well as specific function-blocking monoclonal antibodies, to demonstrate a functionally relevant self-association at the interface of soluble and surface-bound VWF. Platelets perfused at the wall shear rate of 1,500 s ؊1 over immobilized VWF lacking A1 domain function failed to become tethered to the surface when they were in a plasma-free suspension with erythrocytes, but adhered promptly if soluble VWF with functional A1 domain was added to the cells. The same results were observed when VWF was immobilized onto collagen through its A3 domain and soluble VWF with deleted A3 domain was added to the cells. Thus, VWF bound to glass or collagen sustains a process of homotypic self-association with soluble VWF multimers that, as a result, can mediate platelet adhesion. The latter finding demonstrates that direct immobilization on a substrate is not a strict requirement for VWF binding to platelet glycoprotein Ib␣. The dynamic and reversible interaction of surface-bound and soluble VWF appears to be specifically homotypic, because immobilized BSA, human fibrinogen, and fibronectin cannot substitute for VWF in the process. Our findings highlight a newly recognized role of circulating VWF in the initiation of platelet adhesion. The self-assembly of VWF multimers on an injured vascular surface may provide a relevant contribution to the arrest of flowing platelets opposing hemodynamic forces, thus facilitating subsequent thrombus growth. P latelet adhesion and aggregation at sites of vascular injury exposed to rapid blood flow, such as in arterioles of the normal circulation (1) or larger arteries with pathological lumen restrictions (2), require von Willebrand factor (VWF) (3-6). Under these hemodynamic conditions, immobilized VWF, either as an intrinsic subendothelial matrix component (7, 8) or bound from plasma onto collagens (6, 9-11) and other extracellular substrates (12), mediates platelet deposition by interacting with the membrane glycoprotein (GP) Ib␣ receptor. Platelets become activated after the initial tethering, which allows their irreversible adhesion to the surface and the binding of plasma VWF and fibrinogen to the integrin ␣ IIb ␤ 3 . These ligands, immobilized on the membrane of adherent platelets, provide the substrate for the recruitment of additional platelets, which in turn become activated and bind the same plasma ligands repeating a cycle that supports continuing platelet-to-platelet cohesion, i.e., aggregation, into the thrombus mass (4).
We have used recombinant wild-type human von Willebrand factor (VWF) and deletion mutants lacking the A1 and A3 domains, as well as specific function-blocking monoclonal antibodies, to demonstrate a functionally relevant self-association at the interface of soluble and surface-bound VWF. Platelets perfused at the wall shear rate of 1,500 s ؊1 over immobilized VWF lacking A1 domain function failed to become tethered to the surface when they were in a plasma-free suspension with erythrocytes, but adhered promptly if soluble VWF with functional A1 domain was added to the cells. The same results were observed when VWF was immobilized onto collagen through its A3 domain and soluble VWF with deleted A3 domain was added to the cells. Thus, VWF bound to glass or collagen sustains a process of homotypic self-association with soluble VWF multimers that, as a result, can mediate platelet adhesion. The latter finding demonstrates that direct immobilization on a substrate is not a strict requirement for VWF binding to platelet glycoprotein Ib␣. The dynamic and reversible interaction of surface-bound and soluble VWF appears to be specifically homotypic, because immobilized BSA, human fibrinogen, and fibronectin cannot substitute for VWF in the process. Our findings highlight a newly recognized role of circulating VWF in the initiation of platelet adhesion. The self-assembly of VWF multimers on an injured vascular surface may provide a relevant contribution to the arrest of flowing platelets opposing hemodynamic forces, thus facilitating subsequent thrombus growth. P latelet adhesion and aggregation at sites of vascular injury exposed to rapid blood flow, such as in arterioles of the normal circulation (1) or larger arteries with pathological lumen restrictions (2) , require von Willebrand factor (VWF) (3) (4) (5) (6) . Under these hemodynamic conditions, immobilized VWF, either as an intrinsic subendothelial matrix component (7, 8) or bound from plasma onto collagens (6, (9) (10) (11) and other extracellular substrates (12) , mediates platelet deposition by interacting with the membrane glycoprotein (GP) Ib␣ receptor. Platelets become activated after the initial tethering, which allows their irreversible adhesion to the surface and the binding of plasma VWF and fibrinogen to the integrin ␣ IIb ␤ 3 . These ligands, immobilized on the membrane of adherent platelets, provide the substrate for the recruitment of additional platelets, which in turn become activated and bind the same plasma ligands repeating a cycle that supports continuing platelet-to-platelet cohesion, i.e., aggregation, into the thrombus mass (4) .
The domains of VWF involved in matrix and platelet interactions have been identified. Domain A3 plays a predominant role in VWF binding to collagen (13) , and domain A1 interacts with platelet GP Ib␣ (14, 15) , a component of the GP Ib-IX-V receptor complex (16) . Finally, the C1 domain sequence ArgGly-Asp-Ser (RGDS), located near the C terminus of the VWF subunit (17, 18) , by binding to activated ␣ IIb ␤ 3 (19) , stabilizes the initial platelet adhesion mediated by the A1 domain, which can only support rolling (3) . Current concepts suggest that, at elevated shear rates, platelets at the base of a thrombus are initially recruited by VWF bound to the vascular wall. Thus, a functional defect in the A1 domain of immobilized VWF should impair platelet adhesion and, therefore, affect subsequent events of thrombus growth. We have verified this hypothesis by using recombinant multimeric VWF with specific deletions of either domain A1 or A3, or with a single amino acid substitution to replace the integrin recognition motif, RGDS, with the nonfunctional sequence, RGGS. Unexpectedly, we observed considerable platelet adhesion even when blood was exposed to surface-immobilized VWF that lacked the A1 domain. The studies performed to explain this observation, which was in apparent contradiction to accepted knowledge, demonstrated that circulating VWF can interact with VWF directly bound to a surface and provide the A1 domain function necessary for the tethering of fast flowing platelets. Thus, the adhesive function of plasma VWF may be supported by a process of dynamically reversible self-association at the boundary between circulating blood and a reactive surface presenting immobilized VWF.
Materials and Methods
Preparation of Recombinant VWF Mutants. Recombinant wild-type (WT) human VWF, RGGS-VWF, and deletion mutants that lack the A1 domain (residues 478-716; ⌬A1) or the A3 domain (residues 910-1113; ⌬A3) were prepared as described by using furin-transfected baby hamster kidney cells (9, 20) .
wash and nil in the final cycle. Blood cells were finally resuspended in Hepes-Tyrode buffer (pH 7.4), containing 5 mM EDTA, 10 M PGE 1 , and 50 mg/ml BSA (Sigma). The final cell counts in plasma-free blood were within 5% of the original values in whole blood.
Functional Inhibition of VWF Domains. All monoclonal antibodies used in these experiments were obtained and characterized as previously described. They were purified by using protein A (Sigma) chromatography, according to published procedures (22) . NMC-4 binds to the A1 domain of VWF (23) and blocks the interaction of VWF with platelet GP Ib␣ (24) . The epitope recognized by this antibody has been defined at the atomic level (25) . MR-5 binds to a specific sequence (residues 948-998) in the A3 domain of VWF (26) and prevents the interaction between VWF and collagen under a variety of experimental conditions (27) . Monovalent Fab fragments of antibodies NMC-4 and MR-5 were prepared according to a published method (28) .
Flow Studies and Videomicroscopy. Recombinant WT-VWF or VWF deletion mutants were immobilized onto glass coverslips by using coating solutions with a concentration of 40 g/ml. Platelet interaction with these substrates was studied in real time by using a flow chamber mounted on the stage of a Zeiss Axiovert 135 M͞LSM 410 invert microscope as described (3, 6, 29) . Whole blood or plasma-free blood cells were perfused over the substrate at a wall shear rate of 1,500 s Ϫ1 . Platelets were visualized with the fluorescent dye mepacrine (quinacrine dihydrochloride; Sigma) at a final concentration of 10 M, and experiments were recorded in real time on videotapes at a rate of 30 frames per second. Images were captured from tapes at the times indicated and analyzed with the software package META-MORPH (version 4.1, Universal Imaging, Media, PA). The number of platelets interacting with the surface was measured after fixing the contrast and brightness of the images to defined values and applying a constant threshold to distinguish signal from noise.
For flow experiments with immobilized collagen, acid-soluble type I collagen from human placenta (Sigma) was dissolved in 0.1 M acetic acid and coated on glass coverslips at a final concentration of 200 g/ml in an airtight container for 60 min at 22°C to 25°C. Under these conditions, the surface was fully saturated with collagen (29) . Collagen-coated coverslips were rinsed four times with PBS (pH 7.4) before being assembled in the flow chamber. In some experiments, the immobilized collagen was rinsed and incubated with ⌬A1-VWF or WT-VWF (both at a final concentration of 20 g/ml) for 30 min before perfusion.
Results

Real-Time Analysis of Platelet Interaction with Surface-Bound Recom-
binant VWF Mutants Under Flow Conditions. Platelets adhered to a glass surface coated with recombinant WT-VWF when blood was perfused at the wall shear rate of 1,500 s Ϫ1 (Fig. 1A ). In agreement with results previously obtained with VWF purified from plasma (3), adhesion to recombinant WT-VWF was characterized by translocation of platelets in the direction of flow, which was blocked by a function inhibiting monoclonal antibody directed against platelet GP Ib␣ (data not shown). Platelet adhesion to immobilized ⌬A3-VWF or RGGS-VWF was quantitatively similar to that seen with WT-VWF; surprisingly, however, numerous platelets were also seen rolling on ⌬A1-VWF ( Fig. 1 A) , although their number was significantly lower (P Ͻ 0.05) than on the other surfaces tested. The latter interaction was unexpected, because the A1 domain is generally viewed as the exclusive site capable of mediating platelet tethering through GP Ib␣ under high-flow conditions. In contrast, the normal function displayed by ⌬A3-VWF and RGGS-VWF was anticipated, because both of these mutants contain a normal A1 domain. Because the blood used for these experiments contained native VWF, we hypothesized that the A1 domain of plasma VWF could be responsible for the observed platelet adhesion. In fact, addition to the blood of a monoclonal antibody that blocks A1 domain binding to GP Ib␣ completely inhibited platelet adhesion to ⌬A1-VWF ( Fig. 1 A) , confirming that plasma VWF may be capable of mediating platelet interaction with the latter substrate.
To demonstrate that the A1 domain of soluble VWF in blood can compensate for the functional defect of immobilized ⌬A1-VWF, plasma was replaced with a buffer after centrifugation of the blood. When the plasma-free cell suspension, with platelet and red cell counts comparable to whole blood, was perfused over a ⌬A1-VWF coated surface, virtually no platelet adhesion was observed (Fig. 1B) . In contrast, platelet rolling was readily observed on WT-VWF, ⌬A3-VWF, and RGGS-VWF even when blood cells were perfused without plasma proteins, although the number of interacting platelets on the surface was Ϸ30% lower than that seen with normal whole blood (Fig. 1) . These results are in agreement with the concept that soluble VWF present in the perfusing blood participates with surface-bound VWF in the initiation of platelet adhesion. plasma proteins, plasma-free blood cells were supplemented with recombinant VWF and perfused over ⌬A1-VWF bound to glass. Platelet adhesion to the surface coated with ⌬A1-VWF was fully restored when plasma-free blood contained WT-VWF (20 g/ml), demonstrating that soluble VWF is sufficient to support this process without the requirement for other plasma components (Fig. 2) . Of note, the effect of soluble VWF in supporting platelet adhesion was seen on surfaces coated with ⌬A1-VWF, but not with BSA ( Fig. 2) , fibrinogen, or fibronectin (3); moreover, no platelet interaction was ever observed when blood was perfused on uncoated glass surfaces (data not shown).
The collagen-binding A3 domain of VWF (13, 30) was not involved in the functional association of soluble and immobilized VWF. In fact, when plasma-free blood cells supplemented with soluble ⌬A3-VWF were perfused over surface-bound ⌬A1-VWF, platelet adhesion was similar to that observed when soluble WT-VWF was used (Fig. 3A) . The same result was observed regardless of whether the immobilized VWF A3 domain was blocked with a function-inhibiting antibody (Fig. 3B) , or the A3 domains in both soluble WT-VWF and immobilized ⌬A1-VWF were concurrently blocked (Fig. 3C) . In contrast, when soluble ⌬A1-VWF was added to plasma-free blood cells and perfused over immobilized ⌬A1-VWF, no rolling platelets were seen (Fig. 3D) . In like manner, when the A1 domain of added soluble ⌬A3-VWF was blocked (Fig. 3E) , or the A1 and A3 domains of WT-VWF were concurrently blocked (Fig. 3F) , perfusion of plasma-free blood cells over immobilized ⌬A1-VWF with antibody-blocked A3 domain resulted in extremely rare and short-lasting platelet contacts with the surface. Whether the A1 domain is required for the interaction of soluble VWF with immobilized VWF cannot be discerned from these experiments, because its deletion or functional inhibition also prevents binding to platelet GP Ib␣. It is, however, apparent that the A3 domain of both soluble and immobilized VWF has no functional effect in these assays.
To determine the extent to which the interaction of soluble VWF with immobilized VWF is a reversible process, we examined the functional consequence of exposing immobilized ⌬A1-VWF sequentially to plasma-free blood, followed without interruption by whole blood, followed finally by continued perfusion of plasma-free blood (Fig. 4) . In the first phase, minimal platelet-surface contacts were seen with plasma-free blood. In contrast, numerous platelets were rapidly seen rolling on the surface when plasma-free blood was replaced by whole blood; the situation quickly reverted to occasional and transient platelet-surface contacts when whole blood was replaced by plasmafree blood (Fig. 4) . Thus, soluble VWF in the perfusing blood can rapidly interact with immobilized VWF and mediate the surface capture of platelets, but this association is also rapidly reversible.
Dual Role of Plasma VWF in Mediating Platelet Adhesion to Collagen
Under Flow. When type I collagen fibrils were exposed to flowing blood at 1,500 s Ϫ1 , stable platelet attachment and thrombus formation ensued within 2 min (Fig. 5A ). This process was inhibited when the blood was treated with PGE 1 to block platelet activation, EDTA to block platelet ␣ 2 ␤ 1 and ␣ IIb ␤ 3 function, and the anti-VWF A3 domain monoclonal antibody (MR5) to prevent plasma VWF binding to collagen (Fig. 5B) . When blood is perfused at high shear rates, in fact, MR5 alone is sufficient to inhibit not only platelet adhesion but also subsequent thrombus formation (6) . Nevertheless, when collagen was precoated with ⌬A1-VWF and exposed to flowing blood under the same Fig. 2 . Soluble VWF interacts with immobilized VWF and mediates platelet adhesion under flow. Plasma-free washed blood cells (see Fig. 1B ), without or with the addition of WT-VWF (20 g/ml), as indicated, were perfused at the wall shear rate of 1,500 s Ϫ1 over immobilized WT-VWF, ⌬A1-VWF, or BSA as a control. The results of four separate experiments are presented as described in the legend to Fig. 1 . conditions as shown in Fig. 5B , adhesion of single rolling platelets occurred (Fig. 5C ), but was abolished when the GP Ib␣ binding function of plasma VWF was blocked with the monoclonal antibody NMC4 (Fig. 5D) . Thus, plasma-derived VWF has a dual role in supporting platelet adhesion under flow. One role, already known, depends on direct binding to collagen through the A3 domain; the other, demonstrated here, is independent of A3 domain function and depends on a direct interaction with VWF already immobilized on a surface, including collagen fibrils. Remarkably, this latter function of plasma VWF can overcome a functional defect of the A1 domain in the VWF directly bound to collagen (Fig. 5) .
To validate the latter conclusion, which expands our understanding of VWF function at the vessel wall, we performed additional experiments with function-blocking antibodies and recombinant VWF. Platelets in a plasma protein-free blood cell suspension containing EDTA and PGE 1 adhered to collagen type I fibrils only if the latter had been precoated with WT-VWF, but not directly, if the perfusion was conducted at a wall shear rate of 1,500 s Ϫ1 (Fig. 6 columns A and B) . This result is in agreement with the notion that platelet tethering to a collagencontaining surface requires previous immobilization of VWF when the shear rate is above a critical threshold (6) . Accordingly, platelet adhesion was markedly reduced when an inhibitory antibody blocked the A1 domain of immobilized VWF (Fig. 6 column C). The inhibition was reversed, however, if the perfused cell suspension contained soluble WT-VWF with antibodyblocked A3 domain, which is not capable of direct binding to collagen (Fig. 6 column D) , as demonstrated when the surface was coated only with collagen fibrils (Fig. 6 column E) . Such a finding demonstrates that soluble VWF with impaired collagen binding function can still interact with immobilized VWF, itself bound to collagen, and contribute A1 domain function for platelet adhesion. Experimental data with recombinant VWF were in complete agreement with this conclusion. Indeed, collagen fibrils coated with ⌬A1-VWF did not support adhesion of plasma-free platelets (Fig. 6 column F) . The defect was not corrected by soluble ⌬A1-VWF (Fig. 6 column G) , but disappeared with addition to the perfusing fluid of ⌬A3-VWF (Fig.  6 column H) , even though the latter cannot bind to collagen.
Discussion
The results of these studies challenge the current understanding of a mechanism that initiates platelet thrombus formation on the vessel wall, and demonstrate the occurrence of homotypic interactions between VWF molecules bound to a surface and those in the plasma milieu. To date, it was generally thought that platelet adhesion under high wall shear stress is mediated by GP Ib␣ binding to the A1 domain of VWF presented to flowing blood immobilized onto components of extracellular matrices, notably collagen. The findings reported here, however, indicate that platelets not only adhere to VWF directly bound to a surface, but also interact to a considerable degree with a layer of VWF molecules that are in a state of reversible association with an immobilized substrate. Thus, a direct linkage between VWF and a surface such as collagen is not an absolute requisite for A1 domain expression of GP Ib␣ binding function. Conversely, it is also apparent that VWF bound to collagen, and possibly any other insoluble substrate as exemplified here by glass, provides the surface onto which VWF in the fluid phase may become transiently adsorbed displaying the A1 domain that mediates platelet adhesion. It has been demonstrated by atomic force microscopy that VWF multimers unfold into extended linear molecules under the influence of shear stress (31) . Such a process may take place when circulating VWF first binds to collagen, and then continue through transient homotypic interactions that assemble additional layers of extended plasma VWF polymers over the collagen-bound VWF. In this paradigm, more multimers may achieve a functionally appropriate orientation at the interface with flowing blood, providing a higher density A1 domain surface for the tethering of platelets and, thus, accelerating the hemostatic response to vascular injury.
Several lines of evidence support the conclusions outlined above. Whether the A1 domain was removed by deletion mutagenesis or functionally blocked with an antibody in the WT molecule, the defect in platelet adhesion was apparent only when A1 domain function was absent in both immobilized substrate and flowing blood. The addition of soluble VWF with functional A1 domain to a blood cell suspension perfused over immobilized VWF defective in A1 domain function was always sufficient to restore a considerable level of surface adhesion in a manner that was independent of the collagen-binding activity of the fluid-phase VWF. The latter effect, however, was strictly dependent on the presence of surfacebound VWF molecules, even if functionally defective, and was not observed by using immobilized albumin, fibrinogen, or fibronectin as examples of nonspecific protein substrates, or on uncoated glass surfaces. Although surface-bound VWF appears to initiate a process of self-assembly, we cannot exclude that other proteins, not yet identified, may display a similar function through heterotypic interactions with VWF molecules in the fluid phase. It is also clear that neither the A1 nor the A3 domain is involved in a strictly homotypic association, because ⌬A1-VWF on a surface and ⌬A3-VWF in the fluid phase could lead to the functional self-assembly required to support platelet adhesion through GP Ib␣ (Fig. 3A) . It is, nevertheless, tempting to speculate that the three homologous type A domains of the VWF subunit are involved in the process described here, perhaps through features that are common to all of them, and are therefore interchangeable. In this context, the modular VWF type A repeat has been shown to possess the property of self-assembly in matrix proteins (32) .
A feature that clearly distinguishes collagen-bound from self-assembled VWF multimers is the stability of interaction with the surface, because homotypic VWF interactions are reversible in a few minutes whereas VWF binding to collagen is apparently irreversible on a comparable time scale. This difference may not be relevant from the standpoint of thrombogenesis, because the initial platelet tethering to VWF is intrinsically transient and is rapidly followed, on a time scale of seconds at the most, by the formation of stable bonds to other adhesive substrates (6) . The reversibility of the self-association described here may also explain why previous studies conducted with postperfusion examination of a slightly washed surface reported a severely defective platelet adhesion to ⌬A1-VWF adsorbed to glass or bound to collagen and exposed to whole blood (33) . In fact, examination in real time appears to be crucial for demonstrating the function of soluble VWF transiently interacting with immobilized VWF in support of platelet adhesion. It is also worth noting that, in experiments using surface plasmon resonance not reported here, one of us failed to detect any measurable self-interaction between surface-bound and soluble purified VWF multimers (P. Lenting and J.J.S., unpublished results). As a possible explanation for this observation, fluid shear forces were considerably higher in the platelet perfusion experiments as compared with those achieved during the measurement of surface plasmon resonance, and the effect of shear on the conformation of VWF multimers (31) may be crucial to expose the molecular domains required for self-association. In addition, or in alternative, the presence of platelets at the interface between immobilized and soluble VWF may be an important contributory factor to the process described here. In fact, large multimers may become more easily unfolded while bound, albeit reversibly, to GP Ib␣ on the platelet membrane, and then associate more easily with the VWF immobilized on the thrombogenic surface. Functional evidence for the occurrence of transient interactions between VWF in solution and platelet GP Ib␣ has been provided in the setting of shear-induced aggregation experiments (21) . Moreover, transient interactions with the platelet membrane may increase the local concentration of soluble VWF multimers at the boundary between flowing fluid and immobile surface, a condition that may favor the noncovalent self-association of VWF molecules, as directly demonstrated by a physical method (34) .
In conclusion, the present studies highlight a newly recognized role played by fluid-phase circulating VWF in the initiation of platelet adhesion, demonstrating that direct immobilization on extracellular matrix structures is not a strict requirement for binding to the GP Ib␣ receptor. The dynamic self-assembly of VWF on a reactive surface at the onset of the response to vascular injury may contribute in a relevant manner to the arrest of flowing platelets opposing hemodynamic forces, thus facilitating their progression to activation and the subsequent recruitment of additional platelets into larger aggregates.
